We have examined the molecular basis for the selective incorporation of the adhesion molecule ICAM-1 within human immunodeficiency virus type 1 (HIV-1). The process of ICAM-1 incorporation was investigated by using different ICAM-1 constructs in combination with virus capture and immunoprecipitation studies, Western blot and confocal microscopy analyses, and infectivity assays. Experiments conducted with viruses bearing a truncated version of ICAM-1 revealed that the cytoplasmic domain of ICAM-1 governs insertion of this adhesion molecule into HIV-1. Further experiments suggested that there is an association between ICAM-1 and the virus-encoded Pr55
During the replicative cycle of enveloped viruses, the assembly of new virions involves multiple interactions among viral proteins, nucleic acids, and lipids, and to some extent with a number of proteins of cellular origin. The process during which the viral membrane is formed is thought to be restrictive, since viral envelope (Env) proteins displace the majority of proteins of cellular origin. This is convincingly illustrated by the observation that highly purified preparations of Sindbis virions are virtually devoid of host contaminants (64) . The strong and specific interactions between the virus-encoded Env proteins and the nucleocapsid are most likely responsible for the efficient exclusion of host proteins (17) . However, a less stringent protein-sorting process seems to operate in some viruses and more particularly in retroviruses. Indeed, it has been demonstrated in a large number of studies that retroviruses not only tolerate but also benefit from the incorporation of several plasma membrane proteins. Studies aimed at identifying the nature of foreign constituents embedded within human immunodeficiency virus type 1 (HIV-1) have revealed a high number of host plasma membrane proteins associated with mature virions, including significant amounts of HLA-DR and certain adhesion molecules such as CD44, intercellular adhesion molecule type 1 (ICAM-1), ICAM-2, ICAM-3, lymphocyte function-associated antigen-1 (LFA-1), VCAM-1, and VLA-4 (2, 10, 11, 33, 40, 47) . The reported neutralization of retrovirus replication with antibodies specific for host proteins, in both in vitro and in vivo studies, represents strong evidence that such foreign constituents remain functional (2, 3, 7, 15, 23, 25, 26, 56) .
Although the process by which host-encoded plasma membrane proteins are acquired by HIV-1 is still unclear, previous observations have shed light on some possible molecular mechanisms. For example, it has been proposed that interactions between host membrane proteins and certain cellular constituents might result in exclusion from mature HIV-1 virions due to a steric hindrance phenomenon and/or sequestration to some specific domains other than the viral assembly sites (37) . This concept is supported by the demonstration that the normal association between CD4 and the src-family kinase p56 lck prevents incorporation of CD4 into HIV-1 due to a phenomenon of steric inhibition (36) . The known interactions of adhesion molecules with cytoskeletal components (13, 35) , coupled with the incorporation of elements of the actin cytoskeleton into budding viruses (50, 51) , represent another putative mechanism through which HIV-1 could selectively acquire cellular proteins (reviewed in reference 66). Moreover, it has also been proposed that the natural sorting of HIV-1 Gag proteins in lipid rafts leads to a preferential incorporation of host proteins known to be concentrated in such specialized cell surface microdomains (e.g., sphingolipids and glycosylphosphatidylinositol [GPI]-anchored proteins) (45) .
The viral gene gag is composed of four major domains coding for proteins that all appear to have essential functions in virus assembly and egress. The N-myristoylated matrix domain (p17 MA ) targets Gag to the inner leaflet of the lipid bilayer; the capsid domain (p24 CA ) is required for particle assembly through its ability to effect protein-protein interactions; the primary role of the nucleocapsid domain (p7 NC ) is to encapsulate and protect the viral RNA genome; and the C-terminal p6 domain is necessary for the pinching off of the newly assembled virion from the host membrane (reviewed in reference 57). The gag gene is first translated in the cytosol as a large precursor polyprotein, Pr55
Gag , that will migrate under the plasma membrane surface, where it will multimerize (43) . Thereafter, each structural domain is produced by cleavage of the Gag polyprotein by the pol-encoded protease during the maturation process. Until now, only one host cell surface constituent, HLA-DR, has been reported to be specifically acquired by mature HIV-1 particles through an interaction with a viral protein, namely, the Env glycoprotein (54) . However, there are several lines of evidence indicating that viral Env glycoproteins themselves are incorporated into budding viral entities by direct or indirect interaction with Gag polyproteins (18, 21, 29, 30, 44, 68) . As HIV-1 assembly and release are tightly regulated by Pr55
Gag , it is legitimate to propose that the viral Gag precursor proteins might contribute to the phenomenon of insertion of certain host cell membrane proteins within virions.
ICAM-1 is a cell surface glycoprotein composed of five extracellular immunoglobulin-like domains, a hydrophobic transmembrane domain, and a short cytoplasmic tail. ICAM-1 is an inducible ligand for at least two members of the ␤2 family of leukocyte integrins, LFA-1 (␣L␤2) and Mac-1 (␣M␤2) (reviewed in reference 62). ICAM-1 is important for granulocyte extravasation, lymphocyte-mediated cytotoxicity, and the development of specific immunologic responses involving cellcell interactions (reviewed in reference 53). A few years ago, it was shown that ICAM-1 interacts with the actin cytoskeleton in spite of its short intracytoplasmic tail, using ezrin as an intermediate (4, 13) . It has been proposed that these ICAM-1/ezrin/ actin partnership interactions could concentrate ICAM-1 on uropod-like structures and thus increase its accessibility for an efficient interaction with LFA-1 (34) . More relevant to this study, it has been shown that ICAM-1 is acquired by clinical strains of HIV-1 bearing different tropisms that were produced in primary human cells (5, 8, 10, 12, 27) . The presence of this adhesion molecule in HIV-1 increases virus infectivity and reduces sensitivity to antibody-mediated neutralization (14, 24, 25, 56) . We recently provided evidence that Env glycoproteins are not a requisite for ICAM-1 incorporation (6). Therefore, the process directing incorporation of host ICAM-1 seems to operate differently from that for foreign HLA-DR (54) .
In this study, we evaluated the importance of the cytoplasmic domain of ICAM-1 in the phenomenon of ICAM-1 incorporation. This goal was achieved using vectors coding for a truncated ICAM-1 form (ICAM-1/⌬Cyt) or an ICAM-1 version that localizes within lipid rafts (ICAM-1/GPI) (13, 63) . We report that the cytoplasmic region of this adhesion molecule plays a dominant role in its selective incorporation into HIV-1. We also demonstrate that ICAM-1 interacts either directly or indirectly with the viral Gag precursor polyprotein Pr55
Gag in newly formed virions. 
MATERIALS AND METHODS

Cells.
The human embryonic kidney cell line 293T was used to produce virus stocks. This cell line was maintained in Dulbecco's modified Eagle medium (Gibco-BRL, Burlington, Ontario, Canada) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Norcross, Ga.), glutamine (2 mM), penicillin G (100 U/ml), and streptomycin (100 mg/ml). Primary peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated by Ficoll-Hypaque density gradient centrifugation and cultured in the presence of 3 g of phytohemagglutinin-P (PHA-P; Sigma, St. Louis, Mo.)/ml and 30 U of recombinant human interleukin-2/ml for 3 days at 37°C under a 5% CO 2 atmosphere prior to virus infection.
Antibodies. The anti-ICAM-1 antibody RR1/1.1.1 was kindly provided by R. Rothlein (Boehringer Ingelheim, Ridgefield, Conn.), while the anti-ICAM-1 antibody R6.5 and the anti-major histocompatibility complex class I (anti-MHC-I) antibody W6/32 were obtained from the American Type Culture Collection (Manassas, Va.). Pooled human sera were obtained from HIV-1-positive individuals attending the HIV/AIDS Clinic of the Centre Hospitalier de l'Université Laval (Quebec, Quebec, Canada). Informed consent was obtained from each individual before collection of blood. A fluorescein isothiocyanateconjugated goat anti-mouse antibody was purchased from Jackson ImmunoResearch Laboratories (West Grove, Pa.), whereas a goat anti-human immunoglobulin secondary antibody conjugated to Alexa 488, streptavidin conjugated to Alexa 546, and rhodamine-conjugated phalloidin were obtained from Molecular Probes (Eugene, Oreg.). A commercial anti-ICAM-1 antibody (clone G-5) was used for Western blot studies (Santa Cruz Biotechnology, Santa Cruz, Calif.). An antibody specific for the major viral core protein p24 was purified from the 183-H12-5C hybridoma (AIDS Repository Reagent Program, Rockville, Md.).
Molecular constructs. pNL4-3 is an X4-tropic full-length infectious molecular clone of HIV-1 (1). pHXB-Luc is derived from pHXB-2D in which the nef gene was replaced by the luciferase reporter gene (kindly provided by D. Baltimore, Massachusetts Institute of Technology, Cambridge) (16) . pCD1.8 is a eukaryotic expression vector containing the complete human ICAM-1 cDNA and was obtained from T. A. Springer (The Center for Blood Research, Boston, Mass.). We also used two constructs of ICAM-1 that were modified at the C-terminal end, ICAM-1/⌬Cyt and ICAM-1/GPI. The ICAM-1/⌬Cyt vector was constructed by replacing the last residue of the transmembrane domain, Y503, with a stop codon, whereas the ICAM-1/GPI construct was generated by replacing the cytoplasmic and transmembrane domains of ICAM-1 with a GPI anchor (supplied by T. A. Springer) (13) .
Virus preparations. Isogenic virus particles differing only by the absence or presence of host-derived ICAM-1 proteins on their outer membranes were produced by calcium phosphate transfection in 293T cells, as described previously (9, 25) . A commercial calcium phosphate coprecipitation kit was used according to the manufacturer's instructions (CalPhos Mammalian Transfection kit; Clontech Laboratories Inc., Palo Alto, Calif.). The contribution of the cytoplasmic region of ICAM-1 to the acquisition of this adhesion molecule by nascent HIV-1 was monitored by cotransfecting 293T cells with either pNL4-3 or pHXB-Luc and ICAM-1 constructs (wild-type ICAM-1 [ICAM-1/WT], ICAM-1/⌬Cyt, or ICAM-1/GPI). Immature HIV-1 particles were produced by treating the virus producer cell line with indinavir (20 M) at 16 h posttransfection. Virus stocks were normalized for virion content by using a sensitive in-house sandwich enzyme-linked immunosorbent assay that can detect both p24 and the Pr55 Gag precursor (8) . All virus preparations underwent only one freeze-thaw cycle before initiation of infection studies. For virus capture and immunoprecipitation assays, the virus-containing supernatants were first filtered through a 0.45-Mpore-size cellulose acetate membrane (Millipore, Bedford, Mass.) and were next passed through a Centricon Plus-20 Biomax-100 filter. Finally, samples were aliquoted before storage at Ϫ85°C. For Western blot analyses of whole-virus lysates, the virus-containing supernatants were centrifuged twice at 16,000 ϫ g for 90 min at 4°C through a 20% sucrose cushion, and the pellet was resuspended in phosphate-buffered saline (PBS).
Flow cytometry. For staining, cells were washed twice with PBS and centrifuged at 1,000 ϫ g for 5 min at 4°C. Pelleted cells were incubated for 30 min on ice with a saturated concentration of the biotinylated anti-ICAM-1 antibody R6.5 (1 g/10 6 cells). The cells were washed twice in PBS and incubated for 30 min on ice with a saturated concentration of an R-phycoerythrin-conjugated goat antimouse antibody. Finally, cells were washed twice in PBS and resuspended in 500 l of PBS containing 1% paraformaldehyde prior to flow cytometry analysis (EPICS XL; Coulter Corporation, Miami, Fla.).
Virus precipitation test. The presence of host-derived ICAM-1 within HIV-1 was monitored by capturing viruses with immunomagnetic beads using a previously reported procedure with slight modifications (11) . In brief, magnetic beads (6.25 ϫ 10 5 ) (streptavidin-coated BioMag; PerSeptive Diagnostics Inc., Cambridge, Mass.) were washed four times with PBS supplemented with 0.1% bovine serum albumin (BSA) (binding medium) by using a vertical magnetic plate. The beads were incubated with biotinylated antibodies (R6.5 or W6/32) for 1 h at room temperature and then washed again with PBS before use. The immunomagnetic beads were next incubated for 16 h at 4°C with virus preparations (1 ng of p24) under gentle agitation. The beads were washed five times with 1 volume of binding medium. Finally, the amount of immunocaptured HIV-1 particles was Monitoring ICAM-1-Gag interactions. The putative association between ICAM-1 and HIV-1 Gag was assessed by an immunoprecipitation-based protocol. Briefly, flat-bottom 96-well plates (BD Bioscience) were coated with R6.5 or an isotype-matched irrelevant control antibody (IgG2a) for 1 h at 37°C and then washed three times with PBS supplemented with 0.5% Tween 20 (PBST). The coated plates were blocked with PBST containing 0.1% BSA (Sigma) for 30 min at 37°C and then washed again three times with PBST. The plates were next incubated for 1 h at 4°C with increasing amounts of virus preparations (3.1, 6.3, 12.5, 25, and 50 ng of p24). Each well was washed five times with PBS. Half of the wells were lysed and directly quantified for their p24 content to estimate the efficiency of HIV-1 capture. The other half were analyzed for p24 content and also analyzed by Western blotting to define viral proteins complexed with host ICAM-1. The latter goal was achieved by treatment of captured viruses with a hypertonic detergent solution (1.5% NP-40, 20 mM Tris-HCl [pH 7.5], 400 mM NaCl, 1 mM EDTA, 10 g of aprotinin/ml, 10 g of leupeptin/ml, and 2 mM phenylmethylsulfonyl fluoride) for 20 min at 4°C under weak agitation. Wells were washed three times with the hypertonic detergent solution before analysis. The hypertonic detergent solution is a buffer that destroys HIV-1 particles without affecting protein-protein interactions (31, 68) . The immunoprecipitated complexes were next treated either with a disruption buffer for p24 testing or with a loading buffer for Western blotting. Finally, samples were heated at 100°C for 5 min before analysis.
Western blot analyses. Whole-virus extracts from ICAM-1-bearing virions were lysed in a loading buffer (125 mM Tris-HCl [pH 6.8], 4% sodium dodecyl sulfate [SDS], 10% ␤-mercaptoethanol, 17.5% glycerol, and 0.0025% bromophenol blue), and 10 ng of p24 was loaded per lane prior to electrophoresis on an SDS-10% polyacrylamide gel electrophoresis (PAGE) gel. Proteins were transferred onto Immobilon-P membranes by a standard blotting technique (Millipore). Proteins were revealed by use of an anti-p24 (183-H12-5C) or anti-ICAM-1 (G-5) antibody. Primary antibodies were detected with horseradish peroxidase-conjugated, species-specific goat secondary antibodies.
Virus infection. The infectivity of recombinant luciferase-encoding viruses (HXB-Luc) either lacking or bearing the various ICAM-1 constructs (ICAM-1/ WT, ICAM-1/⌬Cyt, or ICAM-1/GPI) was tested by using PBMCs as targets. Briefly, PBMCs (10 5 ) were incubated for 72 h at 37°C with similar concentrations of isogenic virus stocks (10 ng of p24 in a final volume of 200 l). Next, 100 l of cell-free supernatants was withdrawn from each well before the addition of a cell culture lysis buffer (25 mM Tris phosphate [pH 7.8], 2.0 mM dithiothreitol, 1% Triton X-100, and 10% glycerol). Cells were next incubated under gentle agitation for 30 min at room temperature, followed by a freeze-thaw cycle to increase the efficiency of lysis. An aliquot of 20 l was mixed with 100 l of luciferase assay buffer. The photon emission produced by the reaction was measured with a microplate luminometer device (MLX; Dynex Technologies, Chantilly, Va.). Luciferase activity is expressed in relative light units (RLU).
Confocal microscopy. For tracking of ICAM-1 and budding HIV-1 particles, 293T cells that were transiently transfected with ICAM-1 constructs and the NL4-3 vector were first washed with PBS-BSA and stained for 30 min on ice with pooled HIV-1-positive human sera. Next, cells were incubated with the goat anti-human immunoglobulin secondary antibody conjugated to Alexa 488. Cells were washed three times with PBS-BSA, fixed in 2% paraformaldehyde for 20 min on ice, and then incubated for 30 min on ice with the biotin-conjugated anti-ICAM-1 antibody RR1/1.1.1. Finally, cells were washed with PBS-BSA before incubation with Alexa 546-conjugated streptavidin. After several washes, slides were mounted in 90% glycerol in PBS. The samples were visualized by using confocal laser scanning microscopy (Olympus FluoView 300) at a magnification of ϫ600, and digital images were processed with Adobe Photoshop. A total of 100 cells were visualized to determine the frequency of colocalization events.
Statistical analysis. Data shown are expressed as means Ϯ standard deviations (SD) for triplicate samples and are representative of three independent experiments. Statistically significant differences between groups were computed by analysis of variance. P value calculations were done with the Student t test in Microsoft Excel, and P values of Ͻ0.05 were considered statistically significant.
RESULTS
The cytoplasmic domain of ICAM-1 is required for acquisition of host ICAM-1 by HIV-1. In an attempt to assess the contribution of the cytoplasmic region of ICAM-1 to the insertion of this adhesion molecule within HIV-1, 293T cells were experimentally manipulated to transiently express wildtype ICAM-1 (ICAM-1/WT), a truncated version of ICAM-1 that lacks the entire cytoplasmic domain (ICAM-1/⌬Cyt), or an ICAM-1 construct in which the transmembrane domain and cytoplasmic tail were removed and replaced with a GPI anchor (ICAM-1/GPI) (Fig. 1A) . Addition of a GPI domain to ICAM-1 specifically concentrates the adhesion molecule into lipid rafts where HIV-1 Gag precursors are assembled (38, 45) . Cotransfection of 293T cells with molecular clones of HIV-1 and the ICAM-1 coding vector studied resulted in surface expression of significant amounts of ICAM-1. The results of representative transient transfection experiments are shown in Fig. 1B and indicate that comparable surface expression levels of wildtype, truncated, and GPI-anchored ICAM-1 were obtained following cotransfection with either pNL4-3 or pHXB-Luc.
Virus stocks produced from such cells were next subjected to a virus capture assay. The process of ICAM-1 incorporation was totally abolished upon deletion of the cytoplasmic domain of ICAM-1, as illustrated by a comparable capture efficiency of HIV-1 particles produced in ICAM-1-negative parental 293T cells (ICAM-1/NEG) or cells expressing ICAM-1/⌬Cyt (Fig.  1C) . However, very efficient capture was seen for progeny virus produced by cells expressing a GPI-anchored ICAM-1 form. The validity of the virus capture test is supported by the observation that the capture efficiency of the tested virus preparations was similar when beads coated with the anti-MHC-I antibody W6/32 were used. Western blot analyses of lysates of whole viruses produced by cells expressing ICAM-1/WT, ICAM-1/⌬Cyt, or ICAM-1/GPI confirmed that deletion of the cytoplasmic region of ICAM-1 results in exclusion of ICAM-1 from progeny virus, whereas the GPI-linked ICAM-1 is efficiently incorporated into HIV-1 (Fig. 1D) .
The possible consequence of these observations for HIV-1 infectivity was next investigated by using primary human cells as targets. As expected, virus infection studies conducted with mitogen-stimulated PBMCs revealed that HIV-1 infectivity is augmented upon acquisition of host ICAM-1 (Table 1) . Lower and comparable infectivities were obtained for a virus lacking ICAM-1 and for a virus produced in cells expressing ICAM-1/⌬Cyt, an observation that is in line with previous results obtained by virus capture and Western blot assays. Finally, the infectivities of viruses bearing wild type or GPI-anchored ICAM-1 were found to be similar, suggesting that both molecules are still functional.
Wild type ICAM-1, but not ICAM-1/⌬Cyt, is concentrated at HIV-1 budding sites on virus producer cells. Confocal microscopy was next utilized to determine whether the absence of host ICAM-1/⌬Cyt from HIV-1 particles could be linked with the location of this truncated version of ICAM-1 on the cell surface. HIV-1 budding sites were visualized by labeling transiently transfected 293T cells with purified polyclonal anti-HIV-1 antibodies from multiple pooled human sera. Wild type ICAM-1 was found to concentrate in one cell surface region in the majority of cotransfected cells (Fig. 2) . Wild type ICAM-1 was found to colocalize with newly formed virions in Ϸ75% of cotransfected cells. In contrast, ICAM-1/⌬Cyt is dispersed on the entire cell surface, and the frequency of HIV-1 colocalization is thus very low (less than 20%). ICAM-1/GPI was used as a control to visualize colocalization with the budding site. The distribution of this ICAM-1 construct seems to be much more diffuse than that of ICAM-1/WT, but it colocalizes strongly with the budding site in Ϸ90% of cotransfected cells. Thus, one can speculate from this last series of investigations that there might be a physical interaction at the virus assembly site between the cytoplasmic domain of ICAM-1 and some HIV-1 protein(s).
Selective acquisition of host ICAM-1 by HIV-1 occurs through an association between the cytoplasmic tail of ICAM-1 and Pr55
Gag . To shed light on a possible interaction between the cytoplasmic domain of ICAM-1 and the structural precursor polyprotein Pr55
Gag , plates were coated with anti-ICAM-1 antibodies to capture viruses produced by cells expressing ICAM-1/WT, ICAM-1/GPI, or ICAM-1/⌬Cyt. Next, the amounts of captured viruses were quantified by estimating p24 contents. In some instances, viruses that were fixed with anti-ICAM-1 were also subjected to a hypertonic detergentbased solution to lyse viral entities without destroying proteinprotein interactions. As expected and in agreement with data from the virus capture assay, viruses harvested from 293T cells expressing either ICAM-1/WT or ICAM-1/GPI were efficiently captured, in contrast to those produced in cells expressing ICAM-1/⌬Cyt (Fig. 3A) . These findings provide additional evidence that the cytoplasmic tail of ICAM-1 indeed plays a cardinal role in the insertion of host ICAM-1 in budding viruses. As previously presented, the preferential sorting of HIV-1 particles in regions known to be enriched in GPI-linked cell surface proteins (i.e., lipid rafts) (22, 38, 45) is most likely responsible for the comparable capture efficiencies of viruses produced from either ICAM-1/WT-or ICAM-1/GPI-expressing cells.
Data from experiments in which captured viruses were treated with the hypertonic detergent-based buffer suggest that wild-type ICAM-1 is associated with the HIV-1 structural precursor polyprotein Pr55
Gag and/or the mature Gag cleavage product p24 CA (Fig. 3B) . In contrast, no such association with HIV-1 Gag could be seen when the GPI-linked form of ICAM-1 was used. The marked difference in p24 counts between the two assays (compare Fig. 3A and B) is related to the fact that a significant proportion of mature Gag p24 protein is eliminated by the detergent-based treatment, as previously reported (32) . The composition of the protein complexes that were captured by anti-ICAM-1 at the bottoms of the plates was next analyzed by Western blot assays. Whole-virus extracts were also loaded in parallel to facilitate the identification of HIV-1 precursor and mature Gag proteins. Virion-anchored wild-type ICAM-1 was found to interact with the viral Gag precursor protein Pr55
Gag but not with mature p24 capsid protein (Fig. 4A) . Such an ICAM-1-Pr55
Gag interaction was not seen for viruses bearing host-encoded ICAM-1/GPI. Virus producer cells were also treated with the protease inhibitor indinavir to increase the levels of uncleaved Gag products and ICAM-1-Pr55 Gag complexes in newly formed viruses. The intensity of ICAM-1-Pr55
Gag complexes was increased significantly upon indinavir treatment (Fig. 4B) . The minor band of low molecular weight migrating at 49 kDa most likely reflects residual protease activity. The ICAM-1-Pr55
Gag complexes were not present in viruses bearing host-encoded ICAM-1/GPI.
DISCUSSION
Following the entry of HIV-1 into target cells and the subsequent synthesis of viral products, genomic RNA and virusencoded proteins will assemble on the inner leaflet of the plasma membrane to form spherical, enveloped particles that pinch off from the host cell. Virus release occurs by budding, a process allowing the virus to gain a host-derived lipid envelope. However, previous studies have shown that the composition of the retrovirus envelope and that of the plasma membrane are distinct, thus suggesting that virus assembly may occur in some specialized areas or subdomains of cellular membranes. This feature of retrovirus assembly is probably responsible for the selective acquisition of some specific constituents of host origin. Although it is now clear that several host proteins become incorporated into retroviruses and that some of them can affect several steps of the virus life cycle, only a few studies have demonstrated that host proteins are recruited into mature viruses through specific interactions with viral proteins. For example, the cytosolic protein cyclophilin A, the microtubulebased motor protein KIF4, the RNase L inhibitor HP68, and HLA-DR have been reported to associate with HIV-1 p24 CA , murine leukemia virus Gag polyproteins, HIV-1 Gag, and HIV-1 gp41, respectively (28, 39, 54, 69) . Given that the adhesion molecule ICAM-1 is inserted in all laboratory and clinical HIV-1 variants tested and virus infectivity is augmented severalfold upon acquisition of this host cell membrane protein, it is of the utmost importance to determine whether the uptake of host ICAM-1 is due to interactions with some specific HIV-1 proteins. Recently, we established that Env glycoproteins are not essential for achieving ICAM-1 incorporation (6) , an observation that is in sharp contrast to the situation prevailing with HLA-DR (54) .
Enveloped viruses are known to interact tightly with the cytoskeleton during the processes of assembly and budding (20) , and data from several studies have led to the proposal that there is a link between retroviral proteins and actin filaments (reviewed in references 19, 42, and 61) . More relevant to our study, it has been demonstrated that ICAM-1 interacts with members of the ezrin/radixin/moesin (ERM) family of proteins, which are considered cytoplasmic linker molecules that mediate interactions between plasma membrane components and the actin-containing cytoskeleton (4, 13, 34) . Interestingly, these cytoplasmic linkers have also been found incorporated into HIV-1 virions (32, 50, 51) . Among the various host proteins known to be linked with the cytoskeleton that have been shown to be inserted within mature HIV-1, several interact with ezrin (48, 49, 66) . Given the demonstrated connection between ICAM-1 and the cytoskeleton and the importance of the cytoplasmic region of ICAM-1 in this process, we postulated that this domain might contribute to the insertion of this host cell membrane component into HIV-1. This working hypothesis was tested by using ICAM-1 molecules that either lack the cytoplasmic domain (ICAM-1/⌬Cyt) or carry a GPI anchor (ICAM-1/GPI). Results from virus capture and infectivity assays revealed that the cytoplasmic domain of ICAM-1 plays a central role in the process of ICAM-1 incorporation. We demonstrate that the cleavage of the ICAM-1 intracytoplasmic tail can be compensated for (with respect to efficiency of incorporation and virus infectivity) by the introduction of a GPI-linked ICAM-1. Confocal microscopy provided evidence that incorporation of this adhesion molecule into newly formed viral entities is linked to its colocalization with budding HIV-1 particles. The observation of an efficient incorporation of the truncated GPI-linked ICAM-1 molecule into HIV-1 was not surprising, considering that ICAM-1/GPI is sequestered in glycolipid-enriched membrane domains or lipid rafts, which are specialized membrane subdomains that function as platforms for signal transduction and cytoskeletal reorganization (reviewed in reference 58) but also as preferential routes of HIV-1 sorting (45, 46) .
Henriksson and colleagues have proposed that surface glycoproteins interacting with cellular partners may not be incorporated into nascent retroviruses due to a sterically mediated inhibition phenomenon or sequestration to subcellular regions distinct from the viral assembly site (37) . It was further proposed that surface glycoproteins lacking cellular interaction partners would be incorporated due to passive diffusion to the viral assembly site (52) . It seems that these concepts cannot be Gag is due to the natural tendency of the retrovirus Gag proteins to interact closely with the actin cytoskeleton at the level of the nucleocapsid domain of the Gag precursors. The proposed protein-protein interactions are illustrated in the insets.
applied to all host cell membrane proteins that are found embedded within HIV-1, since ICAM-1 is efficiently incorporated into newly formed viral entities despite its tight interaction with cellular proteins such as ezrin and moesin that link the actin-containing cytoskeleton to the plasma membrane.
Over the past few years, it was demonstrated that both ICAM-1 and Pr55
Gag interact with the cytoskeleton (13, 41, 55, 67) . Treatment of host cells with cytochalasin D, a drug known to depolymerize actin filaments, results in a marked reduction in HIV-1 release from infected cells, while wortmannin, an inhibitor of myosin light chain kinase, completely abolishes virus egress (reviewed in reference 19). These findings incited us to concentrate our efforts on a possible connection between HIV-1 Gag and virus-anchored host ICAM-1. Our results suggest that ICAM-1 can associate with Pr55
Gag and with the Gag precursor p49. These data suggest that Pr55
Gag and p49 share the domain responsible for the interaction with the intracytoplasmic tail of ICAM-1. This interaction was found to be stable, since it persisted despite treatment with a strong detergent-based buffer known to be sufficient to remove raftassociated proteins (68) . However, our findings do not permit us to completely exclude the possibility that a lipid moiety might be involved in the interaction between ICAM-1 and viral Gag precursors. Further studies are needed to shed light on this issue.
It seems clear that the adhesion molecule ICAM-1 interacts with Pr55
Gag once inserted within immature HIV-1 virions and that this adhesion molecule remains associated with the mature virion. However, it is still unclear whether the process of ICAM-1 incorporation is due to a direct or an indirect link between these proteins. Thus, we propose two models that could explain the selective uptake of ICAM-1 based on the present study and already published data. A schematic representation of these hypothetical models is depicted in Fig. 5 . The first model proposes that the selective acquisition of hostderived ICAM-1 by newly formed HIV-1 particles results from a direct physical link between ICAM-1 and Pr55
Gag (Fig. 5A ). The second scenario involves the participation of indirect complex interactions. In this case, the cytoplasmic tail of ICAM-1 would be connected with ezrin. The plasma membrane-actin linker ezrin would then mediate a tight link with the cortical actin. This multimolecular complex would be incorporated within nascent virions, based on observations indicating an interaction between HIV-1 Gag and target cell filamentous actin. Therefore, it can be proposed that HIV-1 assembly sites at the plasma membrane would be enriched in protein complexes made of host ICAM-1, ezrin, F-actin, and HIV-1 Gag precursors (Fig. 5B ). It should be specified that human cytoskeletal proteins such as actin have been shown to be cleaved by HIV-1 through a nonrandom process (42, 59, 60, 65, 67) . However, the observation that F-actin is protected from cleavage upon interaction with the viral p7 NC (67) is in support of our findings. Experiments are currently under way to determine whether there is intimate contact between ICAM-1 and some specific processed Gag products such as p7 NC . In summary, the data presented in this work provide new information on the molecular mechanism governing the acquisition of the adhesion molecule ICAM-1 by HIV-1. Our findings point toward an interaction between ICAM-1 and viral Gag precursors. Additional experiments are required to determine whether incorporation of some other host cell membrane proteins into HIV-1 follows a similar pattern.
